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Abstract

Liquid nitrogen (LN,) machining is considered as a safe, clean, and environmentally friendly machining process. This paper
aims to investigate the vibration, tool wear and surface roughness mechanism of the ceramic insert during turning of Inconel
718 alloy under dry machining and LN, machining. The experiments were performed at three cutting speeds (100, 150,
200 m/min), feed rates (0.04, 0.08, 0.12 mm/rev) and depths of cut (0.2, 0.4, 0.6 mm). The experiment results show better
machinability and longer tool life in LN, machining. The vibration acceleration is reduced by 14-32%. A 17-34% reduction
of workpiece surface roughness is observed. Flank wear and notch are the predominant wear forms both in LN, machining
and dry machining, and 16-34% reduction of flank wear is noted in LN, machining.
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1 Introduction

Inconel 718, which has a variety of engineering advantages
such as excellent heat resistance, corrosion resistance, duc-
tility, creep, and fatigue properties, is commonly used in
high-temperature applications such as automotive, aerospace
industry and nuclear reactor [1]. However, Inconel 718 alloy
is difficult to machine due to its poor machinability charac-
teristic such as low thermal conductivity. High cutting tem-
perature near the tool—chip interface produces severe edge
chipping and plastic deformation, and the tool material is
subject to high chemical reactivity, leading to an increase in
tool wear and poor surface finish [2, 3]. Conventional cool-
ants fail to reduce the cutting temperature at the tool—chip
interface at high cutting speed and feed rate [4, 5]. Further,
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the cutting fluid disposal is a significant issue, in that an
expensive treatment is required before exposing it to the
environment [6]. Considering all things, it is essential to
shift toward eco-friendly, economic, and green sustainable
machining techniques.

Many researchers have used liquid nitrogen LN,
(— 196 °C) as a cryogenic cooling to reduce the chip—tool
interface temperature. Hong and Ding [7] used LN, spray-
ing on the machining zone in the turning of Ti—4Al-6V,
and observed reductions in the cutting force and coefficient
of friction compared with dry machining. LN, provides the
cushioning effect for the interface surfaces. LN, machining
improved the turning performance associated with minimum
quantity lubrication (MQL) and flood machining conditions
even at high cutting speed and feed rate [8]. Venugopal et al.
[9] studied experiments on Ti—-6A1-4V alloy. They found
that the tool life is enhanced in LN, machining compared
to dry and flood machining. Dhananchezian et al. [10] con-
ducted the AISI 304 turning experiment using a modified
cutting insert for facilitate supplying the LN, and found that
there is a significant reduction in tool wear when compared
with the wet environment.

Dhar and Kamruzzaman [11] examined the LN, cooling
mechanism over a dry environment in the turning of AISI
4037, and significant improvement in surface roughness was
noticed. Several researches have focused on LN, machining
in terms of cutting temperature, cutting force, surface finish,
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and tool wear, but there are still minimal papers presenting
the vibration analysis in LN, machining. To achieve a bet-
ter surface quality, the workpiece set-up and machine tool
should be adequately rigged [12]. Thomas and Beauchamp
[13] analyzed the turning vibration when using different
machining parameters (cutting speed, feed rate, and depth of
cut), different diameters and lengths of the workpieces, and
various tool holder lengths and tool nose radius by means of
statistical analysis. Typically, vibrations are examined using
different sensors, such as dynamometer and accelerometer
[14].

Hessainia et al. [15] investigated the surface roughness in
cutting of difficult-to-cut materials, evaluated the influence
of the machining parameters and vibration. In this work, a
strong correlation between feed rate and surface roughness is
observed. Abouelatta and Madl [16] investigated the rough-
ness based on different machining parameters and analysis
on tool vibration. It is noted that the feed rate influences the
tool vibration.

Ceramic tool materials such as Al,0,—TiC mixed ceram-
ics, Si3N, ceramics, sialon, cubic boron nitride (CBN), and
SiC whisker-reinforced Al,O; ceramics are progressively
used [17] for the turning of Ni-based alloys at a high cut-
ting speed in the range of 120-300 m/min. CBN tool has
better capability to resist the notch wear. However, the
adhesive wear is a drawback while turning of Inconel 718
alloy [18-20]. For lower notch wear, SiC-Al,O; is better
compared with Al,O,—TiC inserts, but higher flank wear in
the cutting speed range of 100-300 m/min [21]. Altin et al.
[22] experimented SiC—Al,O; and sialon tools in the cutting
speed range of 150-300 m/min. They found that both the
tools have similar flank wear at the optimum cutting speed
of around 250 m/min.

Qiang Wang et al. [23] investigated machining charac-
teristics of Inconel 718 by ultrasonic elliptical vibration-
assisted turning process. They reported that ultrasonic
vibration significantly reduces the cutting force and cutting
temperature when compared with the conventional turn-
ing process. Sitki Akincioglu et al. [24] studied the perfor-
mance of cryogenically treated (SNMG 120,408) tungsten
carbide for turning of Hastelloy C22. They used Taguchi’s
orthogonal array technique and optimize process parameters.
They found that surface roughness was improved by 28.3
and 72.3% by shallow (CT1) cryogenic treatment and deep
cryogenic treatment (T2) applied to cementite carbide tools
(UT). Cagr1 Vakkas Yildirim et al. [25] used a three dif-
ferent SANDVIK ceramic tools having different structures:
Ti[C, N]-mixed alumina inserts (CC650), SiC whisker-rein-
forced alumina inserts (CC670) and alumina and SiAION
ceramic inserts (CC6060), in the milling of nickel-based
waspaloy under dry, wet and MQL processes. As a result of
the study, it was observed that the dominant wear type was
notch wear, while the most extended tool life was provided
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with SiAION-based tools. Cagr1 VakkasYildirim et al. [26]
machined Inconel 625 using PVD-TiAIN/TiN coated carbide
tools CNGG 120404 (S05-S25). Three different cooling/
lubrication strategies were used; these are MQL, cryogenic
cooling, and CryoMQL (MQL +LN2). They observed
that the tool wear is decreased by 50.67% and 79.60% by
the use of MQL and CryoMQL compared with cryogenic
machining.

Till now, no one has attempted to understand the vibration
characteristics in turning of Inconel 718 alloy using ceramic
insert under dry and LN, machining. The objective of the
present study is to compare the performance characteristics,
including vibration acceleration, surface roughness, and tool
wear of LN, machining with dry machining.

The remainder of this paper is organized as follows. Sec-
tion 2 presents the set-up and design of the experiment. Sec-
tion 3 presents the results and discussions of the experiment,
including vibration acceleration, surface roughness, and tool
wear. Finally, the conclusions are drawn in Sect. 4.

2 Experimental work
2.1 Experimental conditions

The schematic view of the experimental set-up is shown in
Fig. 1. The turning process was carried out on a PUMA-2000
CNC lathe at room temperature. The workpiece is 80 mm
in diameter and 400 mm in length. The physical properties
and chemical composition of the workpiece material Inconel
718 are given in Tables 1 and 2. The whiskers ceramic insert
with grade WG 300 and specifications SNGA 120412 are
used. The flank tool wear was measured by a Dino-Lite
microscope, the ceramic insert is removed after cutting
each 140 mm length of the workpiece, and the flank wear
value is recorded. A PCB 356A15 acceleration sensor is
fixed on the tool holder by a magnetic fixture, and the vibra-
tion signal during the turning process is recorded by a NI
9234 data acquisition board. The machined workpiece was
degreased using ethanol by ultrasonic cleaning for 10 min.
Then a TR200 portable surface roughness tester was used
for measuring the roughness of the machined surfaces. Once
the average flank wear, VB > 0.3 mm, the microtopography
of the flank face, and rake face were observed using a quanta
FEG 250 scanning electron microscope (SEM).

2.2 LN, cryogenic cooling system

In the present study, a 50-L cryogenic Dewar is used to
supply the LN,. By providing 3 bar pressure into the cryo-
genic Dewar, the amount of liquid nitrogen comes out via
the flexible hose nozzle and sprays into the cutting zone
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Tailstock

Dry Machining

Fig. 1 Experimental set-up. a Dry machining, b LN, machining

Table 1 Physical properties of Inconel 718

Tensile strength  Yield strength
(MPa) (MPa)

Elongation (%) Hardness (HB)

1170 1375 23.3 388

during turning operations. The diameter of the nozzle is
3 mm, the spray angle is 45°, and the spray distance is
45 mm. Figure 2 shows the schematic view of the LN,
cryogenic cooling system.

LN; Machining

Flexible hosg
NoZzle

Table 3 Factors and levels of the experimental design

Factor Level 1 Level 2 Level 3
Cutting speed (m/min) 100 150 200
Feed rate (mm/rev) 0.04 0.08 0.12
Depth of cut (mm) 0.2 0.4 0.6

2.3 Experimental design

The turning was carried out under dry and LN, cooling
environments, respectively. For studying the vibration
and the surface roughness, L, full factorial experimental

Table 2 Chemical composition Ni Cr C Mn Si Co Mo Nb Ti Al Fe
of Inconel 718 (wt %)
53 18 0.04 0.08 0.08 0.23 3.04 5.3 0.98 0.50 17.80
Fig.2 Schematic view of the . Signal analyzer software
. . Data acquisition board
LN, cryogenic cooling system
Tool holder.
Vibration sensor Liquid regulator Q
Cutting _
tool Switch Air regulator
‘Workpiece I I
_I’J Tailstock Compressor
Liquid nitrogen I:l
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design was adopted under each cooling condition. As
shown in Table 3, cutting speed (m/min), feed rate (mm/
rev), and depth of cut (mm) are selected as experimental
factors, and three levels are set for each factor, based on
trial experiment and previous literature data. For studying
the tool wear, the cutting speed 250 m/min, 300 m/min,
and 350 m/min were selected with a constant feed rate
0.1 mm/rev and a constant depth of cut 0.1 mm.

3 Results and discussion
3.1 Vibration acceleration
Figure 3 shows the variations of the vibration acceleration

(ay) vs. feed rate at different cutting speeds and depths of cut
(Doc) in the turning of Inconel 718 alloy under dry and LN,

Fig. 3 Variations of the vibra- 0.8
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machining. It can be seen the vibration acceleration varies
from 0.244 to 0.772 m/s” in dry machining, and from 0.1854
to 0.6723 m/s* in LN, machining, respectively. In both the
cooling conditions, the vibration acceleration grows with
the increase of feed rate. For all cutting parameter combina-
tions, the vibration accelerations in LN, machining are lower
than in dry machining. The maximum vibration acceleration
reduction is 32% while the cutting speed is 150 m/min, the
feed rate is 0.12 mm, and the depth of cut is 0.2 mm. And
the minimum reduction is 14% while the cutting speed is
200 m/min, the feed rate is 0.12 mm, and the depth of cut
is 0.6 mm.

Vibration acceleration is directly proportional to the cut-
ting speed and feed rate. Compared with in LN, machining,
higher cutting speed and feed rate causes more vibration
due to noticed aggregation of chips at the machining zone
in dry machining, as shown in Fig. 4 [27-29]. Furthermore,
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Fig.4 Aggregation of chips. a
Dry machining, b LN, machin-
ing
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Fig.5 Vibration acceleration signals while cutting speed is 200 m/min, feed rate is 0.12 mm/rev, and depth of cut is 0.6 mm. a Dry machining, b

LN, machining

Fig. 5 shows the vibration acceleration signals while the
cutting speed is 200 m/min, the feed rate is 0.12 mm/rev,
and the depth of cut is 0.6 mm in dry and LN, machining,
respectively. In both the machining conditions, vibration
acceleration signals are non-uniform. In dry machining, the
vibration peak profile and vibration amplitude are greater,
this is due to the tool—chip interface generates higher tem-
perature, and consequently causes the accumulation of chip
which leads to affect the machined surface and also reduce
the tool life. On the other hand, the vibration peak profile
and vibration amplitude is less due to the application of LN,

machining significantly reduces the cutting temperature in
the tool—chip interface and reduces the chip accumulation.
Therefore, better surface and lighter tool wear were observed
in LN, machining compared with in dry machining. In other
words, in LN, machining, vibration reduction may be attrib-
uted to the periodic clearances imposed between the cutting
tool and the workpiece in both the feed and radial directions
causes less tool wear, chips were no longer wrapped around
the workpiece and could be easily broken because of the
vibration of cutting tool in the base plane when compared
to dry machining. [30].
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Fig.6 Variation of the surface 1.2 5
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3.2 Surface roughness

Figure 6 shows surface roughness (Ra) vs. feed rate at differ-
ent cutting speed and depth of cut in the turning of Inconel
718 alloy under dry and LN, machining. The surface rough-
ness varies from 0.678 to 1.032 pm in dry machining, and
from 0.495 to 0.822 pm in LN, machining, respectively. In
both the cooling conditions, the surface roughness grows

Feed rate (mm/rev)

with the increase of the feed and the depth of cut. For all cut-
ting parameter combinations, the surface roughness in LN,
machining is lower than in dry machining. The maximum
surface roughness reduction is 34% while the cutting speed
is 200 m/min, the feed rate is 0.04 mm/rev, and the depth of
cut is 0.2 mm. And the minimum reduction is 17% while the
cutting speed is 100 m/min, the feed rate is 0.08 mm/rev, and
the depth of cut is 0.6 mm.

Fig.7 Workpiece surface roughness while cutting speed is 100 m/min, feed rate is 0.08 mm/rev, and depth of cut is 0.2 mm. a Dry machining, b

LN, machining
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Fig. 8 Workpiece surface roughness while cutting speed is 200 m/min, feed rate is 0.12 mm/rev, and depth of cut is 0.6 mm. a Dry machining, b

LN, machining

Figure 7 shows the surface roughness curves in dry and
LN, machining while the cutting speed is 100 m/min, the
feed rate is 0.08 mm/rev, and the depth of cut is 0.2 mm.
The roughness profile curves are non-uniform in nature.
In the profile curve, average surface roughness is evalu-
ated by peaks, valleys, waviness amplitude, and waviness
wavelength. The curves in different cutting speed and feed
rate combinations are observed. When using lower cutting
speed and feed rate, the roughness curve profile pattern in
LN, machining is different from that in dry machining. The
profile pattern is much regular and uniform in LN, machin-
ing compared with that in dry machining. For all the cutting
parameter combinations, the surface roughness observed in
LN, machining is lower than that in dry machining [31, 32].
Furthermore, using higher cutting speed and feed rate pro-
duces more vibration, which may decrease the workpiece
surface roughness when the depth of cut is constant. Figure 8
shows the surface roughness curves in dry and LN, machin-
ing while the cutting speed is 200 m/min, the feed rate is
0.12 mm/rev, and the depth of cut is 0.6 mm. Both in dry
and LN, machining, uniform and repeated profile patterns
are observed. However, the nature of peaks, valleys, wavi-
ness amplitude, and waviness wavelength in dry machining
is more significant than that in LN, machining. This is due
to the lower friction coefficient between the workpiece—tool,
favorable chip breakability, and less chip accumulation
noticed in the machining zone, which reduces the vibration
and improves the surface roughness [33, 34].

3.3 Tool wear
3.3.1 Flank wear

Figure 9 shows the variations of flank wear vs. cutting
length (machined workpiece length) in dry and LN, machin-
ing while the feed rate is 0.1 mm/rev, the depth of cut is
0.1 mm, and the cutting speed is 250 m/min, 300 m/min,
and 350 m/min. During the turning process, the tool flank
wear is measured once the cutting length reaches 140 mm.
When the flank wear reaches 0.3 mm, the tool is considered
to achieve its life.

In Fig. 9, it can be seen that the effective cutting length is
between 420 and 560 mm in the dry machining, and between
700 and 840 mm in the LN, machining. The application of
LN, cooling results in about 34% longer tool life than in dry
machining. The tool wear gradually grows with the increase
of cutting length. In the first cutting process (cutting speed
is 250 m/min), the flank wear under both cutting conditions
are close, and the amount of wear under liquid nitrogen cool-
ing is relatively slow. When the cutting speed increases to
300 m/min, the tool wear grows significantly. But in the
third cutting process (cutting speed is 350 m/min), the flank
wear under both cutting conditions is close again. When the
cutting speed is 250 m/min, 300 m/min, and 350 m/min,
the tool flank wear increase by 34%, 27%, and 16% in LN,
machining compared with that in dry machining. This is
because the cooling effect of LN, can reduce the cutting
temperature and the shear strength of the workpiece mate-
rial, thus reducing tool wear [35-37].
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3.3.2 Flank face microtopography

After reaching the tool life (average flank wear
VBg >0.3 mm), the flank surface of the ceramic cutting
inserts was observed by using the SEM. Figure 10 shows
the SEM images of the inserts’ flank face microtopogra-
phy while the cutting speed is 250 m/min, 300 m/min, and
350 m/min with a constant feed rate 0.1 mm/rev and a con-
stant depth of cut 0.1 mm. The wear mechanism is identified
as spilling and mechanical chipping, with less importance
diffusion.

As shown in Fig. 10, many abrasion wear marks are
observed on flank face. The adhesion wear is found appar-
ently near the tooltip when increasing the cutting speed from
250 m/min to 350 m/min in the dry and LN, machining. At
the cutting speed of 350 m/min, notch wear is noticed at the
end of the cut. It is also found that attrition and chippings
are the dominant wear mechanism, with less importance
abrasion and diffusion. Compared with in dry machining,
in LN, machining, the tool flank face microtopography
shows less area of diffusion and fracture. The damage is a
little smoother because the liquid nitrogen can take away
part of the cutting heat, thus leads to more extended tool
life [38—40].

3.3.3 Rake face microtopography
After reaching the tool life (average flank wear

VBj >0.3 mm), the rake surface microtopography of the
ceramic cutting inserts was also observed by using the

@ Springer

SEM. Figure 11 shows the SEM images of the insert’s rake
face microtopography while the cutting speed is 250 m/
min, 300 m/min, and 350 m/min with a constant feed rate
0.08 mm/rev and a constant depth of cut 0.1 mm. It can be
seen in Fig. 11 that, both in dry and LN, machining, the
predominant wear type is a notch, with the presence of cra-
ter and adhesion. When the cutting speed is 350 m/min, the
notch is the predominant wear, which could be found at the
end of cut both in dry and LN, machining.

The formation of the adhered layer is observed on the
tool rake face during the turning of a nickel-based alloy
in both the cooling conditions. Abrasive wear marks and
workpiece material adhesion are prevalent in both the con-
ditions. Moreover, severe wear patterns such as diffusion
and fracture are also observed in the cutting speed range
of 300-350 m/min. This phenomenon is attributed to the
high strain rate and work hardening, which are character-
istic behaviors of nickel alloy, and the heat concentrated at
the chip—tool contact area. Compared with in dry machin-
ing, less crater wear, adhesion, and notch wear in all cutting
parameter combinations are observed in LN, machining.
This is due to the cushioning effect of LN, coolant, and the
reduction of cutting temperature in the tool—chip interface
consequently enhances the tool life [41—43].
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Fig. 10 SEM images of the DRY LN,
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Fig. 11 SEM images of the rake
face after the inserts reaching
the tool life

4 Conclusions

The high-speed turning experiments were carried out on
Inconel 718 alloy by using ceramic inserts under dry and
LN, machining. For different machining parameter combi-
nations, the cutting vibration, machined surface roughness,
tool wear, and microtopography of the flank face and rake
face were analyzed.

@ Springer
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Compared with dry machining, the using of LN, signifi-
cantly reduces the vibration acceleration, improves the qual-
ity of the machined surface, reduces the tool—chip interface
temperature and the friction between the tool—chip interface,
reduces the shear strength of the workpiece material and
reduces tool wear consequently.

Both in dry and LN, machining, notch and flank wear
are the predominant wear of the ceramic inserts. The use of
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LN, significantly improves the tool wear in terms of flank
and notch wear compared with dry machining. This is due
to the cushioning effect of LN, coolant and the reduction of
the cutting temperature at the tool—chip interface.

Tool wear is the most important factor limiting the

high-speed and high-precision machining of difficult-to-
machine materials, such as Inconel 718 alloy. Many stud-
ies are worth pursuing further, such as new tool design,
new cooling technique, cutting parameter optimization,
and so on.
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